Introduction
When ternary mixed solvents of water-hydrophilic/hydrophobic organic solvents (e.g., water-acetonitrile-ethyl acetate mixture) are fed into a microspace under laminar flow conditions, the solvent molecules are radially distributed in a microspase, such as the microchannels made of quartz in a microchip or capillary tubes (fused-silica, polyethylene, PTFE, etc.). [1] [2] [3] We call it the "tube radial distribution phenomenon" (TRDP). The TRDP creates inner and outer phases in a microspace, generating a specific liquid-liquid interface, which is not static, but kinetic, in a microspace. The interface forms radially with the same linear velocity in a capillary tube. We investigated TRDP in chromatography, 4 extraction, 5 chemical reaction, 6 and mixing process. 7 Since the last century, phase separation in aqueous two-phase systems of ionic liquids (ILs) has been well known in the field of analytical chemistry and separation science. [8] [9] [10] [11] [12] For example, aqueous solutions of ILs separate into two distinct phases when cooled below a certain temperature; that is, a temperature-induced phase separation occurs. 12 One phase is an almost IL-poor aqueous phase, while the other phase is a considerable IL solution (IL-rich phase). Also, as an application, it was reported that cytochrome c solubilized in the IL-poor aqueous solution are extracted into the IL-rich phase by taking advantage of the phase separation in aqueous two-phase systems of ILs. 9 In this study, an aqueous IL mixed solution that showed phase separation as mentioned above was fed into a capillary tube to explore a new type of TRDP that is not used with the ternary mixed solvents of water-hydrophilic/hydrophobic organic solvents. The tube radial distribution of the solvents in the aqueous IL mixed solution was successfully observed in the capillary tube, indicating the kinetic liquid-liquid interface between the IL-poor aqueous and the IL-rich phases. This finding will expand the TRDP concept to a new research subject of microfluidic behavior, and allow the possibility of developing new types of chromatography, extraction, micro-reaction, and mixing process with the aqueous IL mixed solutions.
Experimental
Water was purified with an Elix 3 UV system (Millipore Co., Billerica, MA). All reagents used were obtained commercially and were of analytical grade. 1-Butyl-3-methylimidazolium chloride ([C4mim]Cl) and potassium hydroxide (KOH) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and Nacalai Tesque, Inc. (Kyoto, Japan), respectively. The purity of KOH reagent was confirmed to be 87 wt% with titration. Acid Orange 10 as a dye for a bright-field microscope observation was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). A fused-silica capillary tube (75 μm i.d. and 150 μm o.d., 110 cm total length) was purchased from GL Science (Tokyo, Japan).
The microscopy was set up with a fused-silica capillary tube ( Supporting Information, Fig. S1 ). The bright-light microscope observation in the capillary tubes was monitored at a length of 90 cm from the inlet using a microscope (BX51; Olympus, Tokyo, Japan) equipped CCD camera (JK-TU53H; Toshiba, Tokyo, Japan). The part of capillary tube for observation
The tube radial distribution of solvents was observed in an aqueous ionic liquid mixed solution of 1-butyl-3-methylimidazolium chloride fed into a capillary tube. A phase diagram was constructed with 1-butyl-3-methylimidazolium chloride and potassium hydroxide, which included boundary curves between homogeneous and heterogeneous solutions at 15 and 20 C.
As an example, an aqueous ionic liquid mixed homogeneous solution, comprising the ratio of 1-butyl-3-methylimidazolium chloride:potassium hydroxide (30.5:16.5 wt/wt%), which were positioned near the boundary at 20 C, were delivered into a fused-silica capillary tube (75 μm i.d., 110 cm length, 15 C tube temperature) at a flow rate of 1.0 μL min -1 . The homogeneous solution changed to a heterogeneous solution with two phases: the inner (the aqueous phase merely containing the ionic liquid) and the outer (the ionic liquid-rich) phases, in the capillary tube. The radial distribution of the solvents in the aqueous ionic liquid mixed solution was observed through a bright-light microscope-CCD camera system. 
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through the bright-field microscope was maintained at a temperature of 15 C with a thermo-controller (MATS-555RO; Tokai Hit Co., Shizuoka, Japan).
Results and Discussion
As described in the introduction, an aqueous solution of ionic liquid, [C4mim]Cl, including a salt, such as potassium citrate, potassium carbonate, potassium phosphate, potassium hydrogenphosphate (K2HPO4) or KOH, separates into two distinct phases when cooled below a certain temperature. As preliminary experiments, we examined the aqueous solutions of The phase separation in the homogeneous solutions of Nos. 1 -7 by changing from 20 to 15 C in a batch vessel is described below. As the salt depositions were observed for Nos. 1 -3, the volume ratios of upper and lower phases were not exactly estimated, especially for Nos. 1 and 2. The viscosity of the upper and lower phases was examined qualitatively. The phases that showed a higher viscosity were determined to be an IL-rich solution. The phase separation that generates an upper IL-poor aqueous solution and a lower IL-rich solution occurred for Nos. 3 and 4. The volume ratios of the upper and lower phases for Nos. 3 and 4 were 90:10 and 82:18, respectively. In contrast, for Nos. 5 -7, the phase separation was carried out with an upper IL-rich solution and a lower IL-poor aqueous solution. The volume ratios of the upper and lower phases for Nos. 5, 6, and 7 were 59:41, 30:70, and 21:79, respectively. The phase separation in a batch vessel at 15 C is illustrated together with the phase diagram in Fig. 1 . Generally speaking, adding kosmotoropic ion (OH -, HPO4 2- , etc.) into an aqueous IL solution leads to an increase in the interaction between the ion and a water molecule, generating the two separated phases. 11 However, through the interaction, it is difficult to know how many water molecules leave in the IL-rich phase, and how many water molecules move to the IL-poor aqueous phase. That is, the volume ratio of the upper and lower phase may be decided with only the obtained experimental data.
Homogeneous aqueous solutions at 20 C containing [C4mim]Cl and KOH, Nos. 4 -7, were delivered into the capillary tube which of the observation point was controlled at 15 C. The solution of No. 3 could not be fed into the capillary tube because of salt deposition. The TRDP in the tube was observed with a bright-field microscope for the solutions of Nos. 4 -6. The homogeneous solution of No. 7 did not create the TRDP under the present conditions. Typical bright-field photographs of TRDP are shown in Fig. 2 . The homogeneous solution of No. 4 created the TRDP with a major inner phase of the IL-poor aqueous solution, where Acid Orange 10 was mainly dissolved, and a minor outer phase of the IL-rich phase at a flow rate of 1.0 μL min -1 . In contrast, the homogeneous solution of No. 5 created the TRDP with a major inner phase of the IL-rich solution, where Acid Orange 10 was mainly dissolved, and the minor outer phase of the IL-poor aqueous solution at a flow rate of 1.0 μL min -1 . However, the homogeneous solutions of No. 6 created the TRDP with a minor inner phase of the IL-rich solution, where Acid Orange 10 was mainly dissolved, and the major outer phase of the IL-poor aqueous solution at a flow rate of 3.0 μL min -1 (the TRDP was partially created at a flow rate of 1.0 μL min -1 ). Acid Orange 10 is soluble in water, but insoluble in ionic liquid, [C4mim]Cl. Also it is scarcely soluble with a 50 wt% KOH aqueous solution. Thus, the distribution of Acid Orange 10 to IL-rich and IL-poor aqueous phases must be judged by comparing the yellow color depths in both phases. In the batch vessel, Acid Orange 10 was mostly soluble in the IL-poor aqueous phase in No. 4 solutions. However, in Nos. 5 -7 solutions Acid Orange 10 was very slightly soluble in the IL-poor aqueous phase, but was mostly soluble in the IL-rich phase, by judging the yellow color depth. The experimental data in the batch vessels consisted of the bright-light photographs shown in Fig. 2 .
In the TRDP with ternary water-hydrophilic/hydrophobic organic solvent solutions reported by us previously, major inner and minor outer phases were observed in various types of capillary tubes. We did not observe minor inner and major outer phases in the TRDP with the ternary solvents solution. However, the observed TRDP pattern of the inner and outer phases in the aqueous IL mixed solution was not always consistent with the distribution pattern in the ternary mixed solvent solutions in our previous reports. The reason for the difference in the inner and outer formation patterns between the aqueous IL mixed solution and the ternary mixed solvent solution has not been clarified.
We have considered why major solvents are distributed around the middle of the tube, whereas minor solvents are distributed near the inner wall, irrespective of whether the carrier solutions are organic solvent-rich or water-rich in the TRDP with a ternary water-hydrophilic/hydrophobic organic solvent solution. 3 The linear velocity in the radial face section of the capillary tube under laminar flow conditions, which shows a circle curve, indicates that the inside area of a tube has a lower velocity-change gradient than the outside area. The real velocity curve in an aqueous-organic solvent mixed solution may deviate from an ideal velocity curve. Considerations of fluidic stability based on the linear velocity gradients in the radial profile under laminar flow conditions imply that the major solvents must occupy the inside area instead of the outside area in the capillary tube ( Supporting Information, Fig. S2 ).
However, we may discuss the minor inner and major outer phase formation, as shown in the present TRDP with the solution of No. 6. The IL has a very high viscosity by several decades, compared to that of water, hydrophilic, or hydrophobic solvent in ternary mixed solvents. The large difference in viscosity between IL and water might bring about a large fluctuation in the interface created by the TRDP with the aqueous IL mixed solution. When the IL is a minor solvent, the IL forms an outer phase, where the linear velocity at the interface is small under laminar flow conditions (this case may correspond to No. 4). As the volume ratio of the IL increases, the interface between the inner and outer phase moves inside where the linear velocity increases, and then the fluctuation at the interface increases with increasing of the linear velocity. Although the interface does not break out, maybe because of the high viscosity of the IL, the IL-rich phase changes from the outer phase to the inner phase to minimize the surface area of the interface with a large fluctuation (this case may correspond to No. 6).
In conclusion, we have developed a new type of TRDP, i.e., a kinetic liquid-liquid interface, in a capillary tube, by the delivery of an aqueous homogeneous solution of IL, [C4mim]Cl, including KOH. The formation of inner and outer phases in a capillary tube was changed by the composition ratios of the IL and the salt in the aqueous solution. The previous TRDP using ternary mixed solvents of water-hydrophilic/hydrophobic organic mixtures have been examined from the viewpoints of chromatography, 4 extraction, 5 micro-reaction, 6 and mixing process. 7 The new type of TRDP with the aqueous IL mixed solution will lead to further developments of both fundamentals and applications of TRDP and related technologies.
